Abstract-A new solid tungsten divertor for the fusion experiment axial symmetric divertor experiment upgrade is under construction at present. For special purposes of the plasma diagnostic in the divertor region, special formed solid tungsten divertor tiles are required. A so-called Langmuir probe is used to determine the ion temperature, ion density, and ion potential of the plasma. With the aim to place the probe on the right position, some of the divertor tiles (nine at the device circumference) have been adequately adapted. This paper discusses the main results of the numerical analysis of the thermomechanical behavior under heat load. Initially, the elastic-plastic calculation was applied to analyze thermal stress and the observed elastic and plastic deformation during the heat loading. The influence of a possible material degradation due to thermal cracking was studied. Additionally, the knowledge gained by the numerical analysis was used for the shape optimization of the divertor tile. The first results from the numerical life cycle analysis of the tungsten tiles are reported. Finally, based on the knowledge gained by the numerical analysis, in the light of problem complexity, it is recommended to perform some additional thermal tests. These tests should be performed with the aim to increase the reliability of the special-shaped tungsten tile during operation.
) is a midsize tokamak plasma fusion experiment [1] . Beginning in 1999, it was gradually transformed from a carbon to a tungsten first wall experiment by coating the graphite tiles with tungsten. Starting with the experimental campaign 2007, ASDEX was operated as a full tungsten experiment. More details about it can be found in [2] . The next step in the divertor improvement is the installation of a solid tungsten divertor made from powder metallurgy tungsten, to N. Jaksic is with the Integrated Technical Centre, Max Planck Institute for Plasma Physics, Garching 85748, Germany (e-mail: nikola.jaksic@ ipp.mpg.de).
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Digital Object Identifier 10.1109/TPS.2014.2311158 increase the thermal performance of the current divertor tiles made of tungsten coated fine grain graphite [3] , [4] . The standard solid tungsten divertor tiles have been largely tested and numerically investigated already, which is described in detail in [5] . In addition to the standard tungsten tiles, special-shaped tungsten tiles with grooves and holes in the central part of the body are needed for the placement of flush mounted Langmuir probes. This Langmuir tile requires some additional numerical investigations and tests, because it is subjected to the same thermal loads as the standard tiles. The investigations by means of finite element method have been performed with a multiple nonlinear finite element model consisting of one divertor tile, thin interlayer made of flexible graphite, and divertor support structure, including the cooling pipe. The elastic-plastic material response constitutive law was used for the tungsten tile and contact surfaces were used for the geometrical separation of the model components. Effects of tungsten degradation due to recrystallization or grain growths at temperatures above ∼1300°C were not considered since no reliable material data is available.
II. FINITE ELEMENT MODEL DESCRIPTION

A. General Description
The assembly of the finite element model according to the parts arrangement inside of the experimental facility is shown 0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. [6] and were additionally proved by the experiment. The film convection coefficient on the inner surface of the cooling tube is defined with 10 000 W/m 2 K, which corresponds to the cooling water speed of 3 m/s.
B. Loading Definition
The tile loading chosen for the finite element analysis (FEA) corresponds to maximal thermal impact load during discharges in ASDEX upgrade, according to Table I .
The values in Table I are related to the power of one thermal pulse load and they are constant over the pulse duration. The ASDEX upgrade heat flux profile for one single tile can be approximated by a 2-D Gaussian function f (x, y) according to
where A is the maximal thermal impact load; σ x = 70.0 mm and σ y = 30.0 mm are the variance; x 0 = 34.0 mm and y 0 = 80.0 mm are the coordinates of the load peak at the target. Fig. 3 shows the heat flux pattern on the divertor tile for Langmuir probes tile at the end of the load pulse of 5 s, which corresponds to one discharge in ASDEX upgrade.
C. Material Properties
The nonlinear temperature-dependent material properties of tungsten [7] , have been used in the analysis.
The elastic-plastic temperature-dependent material constitutive law for tungsten (Table II) , defined by multilinear isotropic hardening stress-strain curve have been applied. In addition, the temperature-dependent tungsten yield limit (Fig. 4) was used as well. 
III. RESULTS AND DISSCUSSION
A. Transient Thermal Analysis
The first step in FEA was to simulate one whole load cycle, beginning with the heat load impact for duration of 5 s until cooling down of the tile before the next load cycle. A typical time-dependent temperature course for a point of the hotspot area is shown in Fig. 5 . The maximal temperature of ∼2200°C occurs at the edge of the groove, placed near the load peak value. The tile temperature amounts after cooling down over the time of 300 s ∼130°C, uniformly distributed over the whole body. The temperature pattern on the tile surface at the moment of reaching the surface maximal temperature at the end of the load impact is shown in Fig. 6 . The results given by transient thermal analysis has been used as the input for the static structural analysis.
B. Static Structural Analysis
After the transient thermal analysis, the so-called coupled thermomechanical analysis has been performed. This analysis delivers stresses and strains, based on the temperature gradients given by transient thermal analysis. Fig. 7 illustrates maximal displacements of the whole structure occurring at the end of thermal load impact. The maximal displacement amounts ∼1 mm at the tile surface, facing the thermal load source. The maximal stresses in the tungsten tile can be defined only for a certain point of time during the operation process.
In general, the strains and stresses are a function of temperature over the time according to the constitutive material law. The stress pattern over the entire body and the place with the stress maxima are changing continually during the whole test operation. Accordingly, the maximal Mises stress in the tungsten tile could be found at the analysis time of 2.5 s, with the peak magnitude of ∼1200 MPa, located in the region of a hole edge at the tile bottom side (Fig. 8 ). Note that this stress level corresponds to the yield strength limit for a certain temperature and therefore the region concerned is being plastic deformed. Since the stresses in structure are changing their amount and place with time, the most suitable items for assessment of the structural part ability for the present class of problems are the permanent plastic strains and deformations in the tile body. Fig. 9 shows the equivalent plastic strain at the tile body after cooling down (300 s) for a single load case. The maximum strain of ∼0.0057 occurs at the groove edge on the top body surface and at the surfaces of a hole at the tile bottom side. Due to the special shape of the Langmuir probes tile with grooves and holes in regions with the highest thermal loading is it in particular susceptible to the development of stress concentrations, which can lead to thermal crack initiation in a cyclic load operation. This fact leads to the degradation of material physical properties. Due to the plasma physics demands, the grooves and holes cannot be moved out of the thermal hotspot region, and consequently, some body shape optimizations are recommended. Accordingly, all edges and corners on the body should be shaped by radii, adequate to the general structural part function.
C. Fatigue Assessment
The plastic strains and the corresponding deformation of certain structural parts are the base for life cycle or fatigue evaluation in case of thermally driven stresses. Typically, for high temperature components and equipment, loaded by combined thermal and mechanical loading, where both the stresses and temperatures vary with time, the so-called thermal mechanical fatigue (TMF) analysis for fatigue assessment should be employed. The TMF damage occurs when a heated structure, which develops thermal gradients, is constraint in expansion. The expansion near places with stress concentration is often constrained by cooler material surrounding it. In this case, the thermal strains cause thermomechanical stress, which could induce fatigue damage in the structure. Moreover, there are two different types of TMF loading, so-called in-phase and out-of phase loading. The in-phase loading is the case, when the maximum temperature and strain occur at the same time. In case of the out-of-phase loading, a certain material region is under compression at the highest temperature and under tension at lower temperatures. In general, this type of loading is more likely to cause, aside from mechanical damage, also potential oxidation damage. Thereby, an oxide film can form in compression at the higher temperature and then rupture during the subsequent low temperature tensile portion of the loading cycle, where the oxide film is more brittle.
Commonly, the total damage in TMF case is the sum of three damage terms according to
where D mech is the mechanical is damage; D ox is a potential oxidation damage; and D creep is the creep damage. In our case, the influence of the oxidation damage and the creep damage at the fatigue are negligible due to the heating in a high vacuum environment and the general stress conditions in the tile body. Considering the loading conditions during operation, only the mechanical damage has to be taken into account by life cycle assessment of the tungsten tile. The analysis presented in this paper is focused at the mechanical damage only, as the most dominated subject for the life cycle of the Langmuir probes tile.
1) Cyclic Load Analysis: First step in the TMF analysis was the cycle load analysis, including the first 10 load cycles only (Fig. 10) , because of the very large scope of the analysis. Distinctive stress versa strain relationship with the hysteresis loops formed by plastic cycling and the deviation owing to so-called ratcheting is shown in Fig. 11 . The node numbered by 199 851 is chosen as position for the stress-strain relationship evaluation. This node is located at the groove edge in the hotspot region near the max. label shown in Fig. 3 . The stress used for the actual evaluation is the local x-component (direction, see Fig. 7 ), as dominant in this region and representative for the evaluation concerned. The index n (n = 1, 10) denotes the cycle number of the analysis. The time values in Fig. 11 refer to a single load cycle with the period of 300 s. Accordingly, the time of 300 s for the cycle n − 1 is concurrent to the time of 0.0 s for the cycle n. The time of the whole cyclic analysis with 10 cycles amounts consequently 3000 s.
The hysteresis loops in Fig. 11 for the first 10 load cycles show certain damage accumulation with the increasing values of the plasticity from 0.0057 after 300 s to the value of 0.0078 after 3000 s. The residual stresses in the body are monotonously rising as well. Nevertheless, the comparison of the areas with plastic strains after first and last cyclic loading shows only a moderate increasing of the region concerned.
Furthermore, the hysteresis loops show a ratcheting effect with a monotonously increasing gradient. This material behavior indicates that the material tends to a closed loop of plastic deformation due to the shakedown effect.
Note that the plastic strain evaluation above is related to the hotspot region, only. The plastic strain evaluation, with the same entities, for the positions in the immediate proximity of the hotspot region shows higher shakedown effect. Accordingly, the hysteresis loops in Fig. 12 evaluated for the node 200 770, which is only 12 mm (y-direction) distant from the hotspot node 199851, show nearly closed loops after six load cycles already. The residual stresses in this region are rising only moderately. Regarding the plastic deformations, it should be mentioned here that the region affected by plastic strains higher than 0.005 is comparatively small, entirely embedded in a purely elastic region.
This fact is the reason for the shakedown effect and thereby slows down the raising of residual stresses in the material.
2) Life Cycle Assessment: The fatigue assesment analysis has been done on the basis of results gained in the last load step of the cyclic load analysis. Considering the prior discussion and theoretical principles given in [9] and [10] , the TMF assesment analysis has to be performed according to the so-called strain-life method. This method is primarily used for cases, which are characterized by higher thermally driven stresses, generally above the yield stresses, and plasic strain yielding. The method used for strain-life estimation based on the Manson-Coffin-Morrow model is mathematically defined by where N f is the fatigue life; σ f is the fatigue strength coefficient; E is the modulus of elasticity; b is the fatigue strength exponent; ε f is the fatigue ductility coefficient; c is the fatigue ductility exponent. This equation expresses the relationship between the total strain amplitude ( ε/2) as a total of elastic and plastic parts, and the reversals to failure (2N f ), also known as method of characteristic slopes. Owing to some difficulties by the evaluation of the total strain localized at the strain concentration region, a simplification of (3) based on fitting of data from different metals can be carried out. The simplified form according to [9] , also known as universal slopes, is mathematically defined by
The parameters required for a strain-life analysis according to [11] are: 1) σ f = 200 MPa is the fatigue strength failure; 2) ε f = 0.1 is the fatigue ductility coefficient; 3) b = −0.12 is the fatigue strength exponent (Basquin's exponent); and 4) c = −0.6 is the fatigue ductility exponent.
Note that the above listed values are taken from [7] , [8] , and [12] or were evaluated according to [13] , on the basis of static test values. The influence of the operational temperature level on material properties has been taken into account as well. Fig. 13 shows a contour plot of the numerical fatigue life evaluation for the tungsten tile structural part. Under the assumptions made by load conditions and fatigue material properties, in a first approach it can be generally said, that the structural part will not fail before 37 load cycles at least. This life cycle number in correlation with the value for regular tungsten tile [2] (without grooves and holes) of ∼1000 load cycles, under very similar thermal loading, shows the influence of the body shape features at the life cycle of the structural part.
A purely numerical life cycle degradation factor amounts 27 in this comparison case. Nevertheless, the areas at the structural parts affected by the minimal life cycle mentioned above are very different. The area concerned in case of regular tungsten tile is quite large and extended over the whole tile cross section and hence should be fully considered.
In case of the tungsten tile for special purposes, the area concerned is very small (Fig. 13) , confined to groove edge only. Consequently, the numerical estimated life cycle value will not implicitly cause the total failure of the structural part after 37 load cycles. This value indicates the probable number of load cycles until the first crack incitation at the region concerned. According to the prior discussion, the crack propagation seems to come to rest, owing to the shakedown effect.
IV. CONCLUSION
A comprehensive thermomechanical analysis of the new solid tungsten divertor tile for special purposes at ASDEX upgrade has been performed. After the transient thermal analysis, the so-called coupled thermomechanical analysis followed by the life cycle assessment analysis, have been performed.
Owing to the special shape of the Langmuir probes tile with grooves and holes in regions with the highest thermal loading is it in particular susceptible to the development of stress concentrations. This can lead to crack initiation in a thermal cyclic load operation and thereby to the degradation of material physical properties. Due to the plasma physics demands, the grooves and holes cannot be moved out of the thermal hotspot region, and consequently, some body shape optimizations are recommended. Accordingly, all edges and corners on the body should be shaped by radii, adequate to the general structural part function.
The life cycle assessment analysis shows significant life cycle degradation at the strain concentration region, compared with the tungsten tile with the regular body shape. Nevertheless, the material properties characterized by higher ductility at higher temperature will most likely confine the possible crack propagation, owing to the shakedown effect.
Finally, based on the knowledge gained by the numerical analysis, in the light of problem complexity and possible influence of recrystallization effect for tungsten temperatures above 1300°C, it is recommended to perform some additional thermal tests. These tests should be performed with the aim to increase the reliability of the special-shaped tungsten tile during operation.
